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Summary
In vertebrate olfactory receptor neurons (ORNs), the
odorant-triggered receptor current flows through two
distinct ion channels on the sensory cilia: Ca2+ influx
through a cyclic nucleotide-gated (CNG) channel fol-
lowed by Cl− efflux through a Ca2+-activated anion
channel. The excitatory Cl− current amplifies the
small CNG current and crucially depends on a high
intracellular Cl− concentration. We show here that a
Na+-K+-2Cl− cotransporter, NKCC1, is required for this
Cl− current, in that ORNs deficient in Nkcc1 or incu-
bated with an NKCC blocker (bumetanide) lack the Cl−
current. Surprisingly, immunocytochemistry indicates
that NKCC1 is located on the somata and dendrites
of ORNs rather than the cilia, where transduction oc-
curs. This topography is remarkably similar to the sit-
uation in secretory epithelial cells, where basolateral
Cl− uptake and apical Cl− efflux facilitate transepithe-
lial fluid movement. Thus, a single functional archi-
tecture serves two entirely different purposes, proba-
bly underscoring the epithelial origin of the ORNs.
Introduction
Olfactory receptor neurons (ORNs) are bipolar cells in
the olfactory epithelium of the nasal cavity. Each ORN
sends a single dendrite to the epithelial border where it
terminates in a swelling called the dendritic knob. Ap-
proximately 20 cilia, the site of olfactory transduction,
protrude from the knob into the nasal mucus. Odorants
dissolved in the mucus bind to receptor proteins in the
ciliary membrane and activate a G protein that in turn
stimulates an adenylyl cyclase (for review, see Gold,
1999; Schild and Restrepo, 1998). The ensuing increase
in cAMP concentration opens a cyclic nucleotide-gated
(CNG) channel that conducts mainly Ca2+ and little Na+
(Dzeja et al., 1999). The rise in ciliary Ca2+ concentra-
tion due to Ca2+ influx through the CNG channel (Kura-
hashi and Shibuya, 1990; Leinders-Zufall et al., 1997)
activates a Ca2+-gated Cl− channel, also on the cilia
(Kleene, 1993; Kleene and Gesteland, 1991; Reisert et
al., 2003). Quite exceptionally, the Cl− current at the cilia
of ORNs is inward, hence excitatory, carrying up to 80%
of the odorant-induced receptor current in rodents
(Lowe and Gold, 1993) and 36%–65% in amphibians
(Kurahashi and Yau, 1993; Zhainazarov and Ache,
1995). This secondary anionic current acts as a nonlin-
ear low-noise amplifier of the primary cationic CNG cur-*Correspondence: jreisert@jhmi.edu (J.R.); jbradley@jhu.edu (J.B.)rent (Kleene, 1993, 1997; Lowe and Gold, 1993), re-
duces the cell’s dependence on extracellular Na+ for
the depolarizing response (Kurahashi and Yau, 1994),
and contributes to action-potential frequency and os-
cillatory response behavior (Reisert and Matthews,
2001b). To provide an excitatory role for Cl−, the Cl−
concentration gradient across the ciliary membrane
must be such that the Cl− equilibrium potential is posi-
tive with respect to the firing threshold of the cell. In-
deed, with a variety of experimental approaches, the
Cl− concentration in the mucus has been found to be
55 mM to 93 mM (Chiu et al., 1988; Reuter et al., 1998),
similar to the intracellular concentration estimated to
range from 40 to 100 mM (Kaneko et al., 2001; Naka-
mura et al., 1997; Reuter et al., 1998; Zhainazarov and
Ache, 1995). The mechanism by which internal Cl− is
maintained at such an elevated level, however, has not
been investigated.
A family of cation-Cl− cotransporters are known to
transport Cl− across the cell membrane by coupling it
to cotransport (symport) of cations. The electroneutral
Na+-K+-2Cl− cotransporter (NKCC) has two isoforms,
both serving to elevate intracellular Cl− concentration
above its electrochemical equilibrium. Nkcc2 is exclu-
sively expressed in the kidney, whereas Nkcc1 is widely
expressed in tissues, including neurons and epithelial
cells (for review, see Haas and Forbush, 2000; Russell,
2000). In some neuronal cell types, the presence of
NKCC1 renders GABA, normally an inhibitory neuro-
transmitter in the central nervous system, excitatory
(Ben-Ari, 2002). Accordingly, we have sought to find out
whether NKCC underlies the depolarizing Cl− current in
ORNs. Indeed, we have identified the presence of the
NKCC1 isoform in these cells and found that it is crucial
for the existence of the inward chloride current in the
olfactory response. Surprisingly, however, NKCC1 is
present only on the dendrite and soma of ORNs, but
not the cilia.
Results
Nkcc1 Expression
We first checked the expression patterns of Nkcc1 and
Nkcc2 in the olfactory epithelium (OE) by RT-PCR (Fig-
ure 1A). We found expression of Nkcc1, but not Nkcc2,
in this tissue. As controls, we found that the kidney ex-
pressed both Nkcc1 and Nkcc2, and the brain, only
Nkcc1 (Delpire, 2000). As another control, we used
primers directed against the CNG B-subunit gene,
Cngb1 (Bönigk et al., 1999). As expected, this subunit
of the olfactory CNG channel was expressed only in
the OE.
Cell Type-Specific Expression and Localization
of NKCC1 in Olfactory Epithelium
To examine the cell type-specific expression of Nkcc1
in the OE, we dissected the olfactory turbinates from
mice engineered to be deficient in Nkcc1 by knockin of
the reporter gene lac-Z to exon 9 of Nkcc1 (Delpire et
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Figure 1. Nkcc1 Is Expressed in ORNs of Mouse Olfactory Epi- c
thelium i
(A) RT-PCR. Primers specific for mouse Nkcc1, Nkcc2, or the olfac- N
tory CNG channel subunit Cngb1 were used to amplify oligo-dT
tprimed cDNA made from RNA of various adult tissues. The figure
cis an image of an ethidium bromide-stained agarose gel.
s(B) X-gal staining. (top) Medial view, with septum removed, of
whole-mount olfactory epithelium and olfactory bulb from an T
Nkcc1+/− mouse, with one copy of Nkcc1 and one copy of lacZ. OB, u
olfactory bulb; OE, olfactory epithelium; RE, respiratory epithelium. E
(bottom) 18 m coronal section of the olfactory epithelium. SC,
osustentacular cell layer; ORN, olfactory receptor neuron layer.
O
b
n
al., 1999). Using X-gal staining, we found β-galactosi- c
dase (β−GAL) activity in the sensory epithelium across a
the entire medial face of the endoturbinates (Figure 1B, t
top). The respiratory epithelium appeared to be devoid d
of Nkcc1 promoter activity. 18 m cryostat sections of s
the whole-mount staining pattern confirmed Nkcc1 pro- r
moter activity in ORNs, but not in the sustentacular a
cells of the sensory epithelium (Figure 1B, bottom). In w
coronal sections, we did not see any gross differences r
in the X-gal staining pattern between medial and lateral
olfactory tissue (data not shown). t
To examine the subcellular localization of NKCC1 in a
the ORNs, we stained OE sections from Nkcc1+/− and +
Nkcc1−/− animals with a rabbit antibody against NKCC1 r
(Kaplan et al., 1996). As control, a mouse monoclonal w
antibody against the olfactory CNG channel subunit S
CNGA2 was used, and, in agreement with previous i
work (Meyer et al., 2000), CNGA2 was localized to the (
dcilia-containing layer of the olfactory epithelium in bothkcc1+/− and Nkcc1−/− animals (Figures 2A and 2D). In
ontrast, immunolabeling of NKCC1 was found not in
he cilia of Nkcc1+/− mice, but more proximally (Figure
B). In the merged image of the two staining patterns
which includes nuclear DAPI staining), NKCC1 appears
ocalized to the proximal dendrite and soma, but not
he dendritic knob or cilia that are in contact with the
asal mucus (Figure 2C). In addition, there is a strong
ignal for NKCC1 in a subset of cells that may be a
ubclass of sustentacular cells, microvillar cells, or
ossibly duct cells (Zhuo et al., 2001). The lack of signal
or Nkcc1 expression in tissue from Nkcc1−/− mice (Fig-
re 2E) demonstrates the specificity of the antibody.
he normal appearance of CNGA2 immunostaining
Figure 2D) and the olfactory isoform of adenylyl cy-
lase (data not shown) in Nkcc1−/− tissue indicated that
o gross perturbations of the OE had resulted from the
ack of Nkcc1 expression.
To further confirm the localization pattern of NKCC1,
e used another antibody (5030, see Experimental Pro-
edures) raised against the C-terminal 21 amino acid
esidues of mouse NKCC1. The staining patterns of
kcc1+/− and Nkcc1−/− olfactory tissues with this anti-
ody were identical to those in Figures 2B and 2E (data
ot shown).
KCC1 Is Required for the Generation
f the Inward Cl− Current
he magnitude of the inward Cl− current depends on
he intracellular Cl− concentration. To test the impor-
ance of NKCC1 in maintaining high intracellular Cl−
oncentration in ORNs, we recorded the odorant-
nduced receptor current from dissociated ORNs of
kcc1+/+ and Nkcc1−/− mice, using the suction-pipette
echnique, a noninvasive method that leaves the intra-
ellular milieu and ion concentrations unperturbed. All
uction-pipette experiments were performed at 37°C.
o facilitate odorant stimulation, ORNs used also ubiq-
itously expressed a heptanal odorant receptor (I7, see
xperimental Procedures). In response to a 1 s pulse
f the odorant heptanal (100 M), wild-type (Nkcc1+/+)
RNs generated a large receptor current (Figure 3A,
lack trace). Addition of the Cl− channel blocker
iflumic acid during the odorant pulse reduced the re-
eptor current substantially (red trace). Niflumic acid
lone did not elicit a response (green trace). The cyan
race, which was recorded at the end of the experiment,
emonstrates the reversibility of the blocker and the
tability of the cells chosen for analysis. Any neuron
esponsive to heptanal was included for analysis, and
ll showed a reduction in current when niflumic acid
as applied (irrespective of its peak current amplitude,
anging from −10 pA to −135 pA).
To assess the role of NKCC1 in maintaining high in-
racellular Cl− in Nkcc1+/+ cells, we used bumetanide,
n NKCC blocker (Russell, 2000). Incubation of Nkcc1+/
ORNs with 50 M bumetanide for 30 min reduced the
eceptor current substantially, after which the current
as no longer affected by niflumic acid (Figure 3B).
imilarly, with Nkcc1−/− ORNs, the receptor current was
nitially small and remained unaffected by niflumic acid
Figure 3C). From collected results, the average current
ecreased approximately 7-fold when NKCC1 function
Nkcc1 in Olfactory Receptor Neurons
555Figure 2. Immunolocalization of NKCC1 and
Olfactory CNG Channel Subunit CNGA2
Specific primary antibodies were applied to
18 m coronal sections of the olfactory
epithelium from Nkcc1+/− (A–C) or Nkcc1−/−
animals (D–F). CNGA2 ([A] and [D]) was visu-
alized with a Cy3-conjugated secondary an-
tibody, and NKCC1 signal ([B] and [E]), with
an Alexa 488-conjugated secondary anti-
body. Merged images ([C] and [F]) are of
(A) + (B) and (D) + (E), respectively, together
with DAPI (blue) staining for cell nuclei. SC,
sustentacular cell layer and apical olfactory
dendrites; ORN, olfactory receptor neuron
layer; *, microvillar-like cell. Scale bar, 20m.response in ways other than blocking NKCC1, at leastInterestingly, an increase in response was occasionally
Figure 3. Contribution of the Cl− Current to
the Odorant-Induced Response by ORNs
with or without Functioning NKCC1
The response of ORNs to a 1 s exposure to
100 M heptanal at 37°C was recorded with
the suction-pipette technique under three
different conditions: (A) wild-type, (B) wild-
type + 50 M bumetanide, and (C) Nkcc1−/−
neurons. Black and cyan traces are expo-
sures to heptanal before and after exposure
to heptanal + 300 M niflumic acid (red, NFA)
and to niflumic acid alone (green). (D) Mean
suction current responses. The slightly larger
current of wild-type ORNs in niflumic acid
compared to knockout ORNs possibly re-
flected an incomplete block of the Cl− chan-
nel. Only in wild-type ORNs was the odorant-
induced current significantly reduced by
niflumic acid (Student’s t test, 5% level). (E)
For each individual ORN, the heptanal re-
sponse in niflumic acid was normalized with
respect to its response in heptanal alone.
This ratio represents the fraction of current
carried by the CNG channel. Numbers in pa-
rentheses indicate the number of neurons re-
corded for each experiment. Error bars indi-
cate SEM.was disrupted (Nkcc1+/+ in bumetanide or untreated
Nkcc1−/−), and niflumic acid had only a small effect, in-
dicating that most of the Cl− current was absent (Figure
3D). On average, 80% of the response in wild-type cells
was carried by the Cl− channel, calculated from 1 −
(response to heptanal + niflumic acid/response to
heptanal alone) (Figure 3E, left bar). The remaining 20%
of the response came from the CNG channel. For
Nkcc1+/+ cells treated with bumetanide, ~30% of the
average odorant-induced current was carried by Cl−
(Figure 3E, middle bar); this residual percentage pre-
sumably reflected an incomplete abolition of the Cl− ac-
cumulation by bumetanide, perhaps due to insufficient
exposure time. For Nkcc1−/− cells, there was essentially
no receptor current carried by Cl− (Figure 3E, right bar).observed when niflumic acid was applied to individual
Nkcc1−/− ORNs; this effect accounted for the relatively
large SEM in the measurements (see Discussion). An
increase in response with niflumic acid was never re-
corded for Nkcc1+/+ neurons.
The large reduction in receptor current carried by Cl−
in Nkcc1+/+ cells treated with bumetanide was not due
to pharmacological block of the Cl− channel or to non-
specific effects on olfactory transduction by the chemi-
cal. ORNs gave similar responses whether stimulated
by heptanal alone or by heptanal + bumetanide (i.e.,
with bumetanide present only during the 1 s odorant
stimulation instead of its continuous presence as in the
above experiments) (n = 6, data not shown). Thus, bu-
metanide did not seem to affect the odorant-induced
Neuron
556Figure 4. Ca2+-Activated Cl− Channels in
Nkcc1−/− ORNs Are Normal in Density and
Function
Patches excised from dendritic knobs of (A)
Nkcc1+/+ and (B) Nkcc1−/− ORNs were ex-
posed to 67 M Ca2+ and 100 M cAMP. The
holding potential was −40 mV. The Cl− cur-
rent exhibited “rundown” over time, and the
time after patch excision is noted next to the
recordings. (C) Mean Cl− and CNG currents
in patches from Nkcc1+/+ (eight patches) and
Nkcc1−/− (six patches) neurons. (D and E)
Dose-response relationships for a 10 s expo-
sure to Ca2+ in patches from Nkcc1+/+ and
Nkcc1−/− neurons, respectively. The Ca2+
concentrations were: 67 M, black and ma-
genta (first and last recorded trace); 11 M,
cyan; 2.4 M, dark blue; 0.75 M, green;
0.25 M, red; 0, yellow. (F) The peak Cl− cur-
rents were plotted against the Ca2+ concen-
tration for patches from Nkcc1+/+ (black ∇,
average of eleven patches) and Nkcc1−/− neurons (red , five patches). Data sets were fitted with the Hill equation such that K1/2 = 3.5 M
and 2.5 M and the Hill coefficient n = 1.4 and n = 1.7 for Nkcc1+/+ and Nkcc1−/− neurons, respectively. Error bars indicate SEM.when applied for 1 s during odorant stimulation. It also r
gdid not stimulate ORNs if heptanal was omitted (n = 6,
data not shown). n
t
aDensity of Ciliary Cl− Channels Unchanged
uin Nkcc1−/− ORNs
cTo test whether the loss of Cl− current in Nkcc1−/− ORNs
was possibly due to the disappearance of Cl− channels
or to a decrease in their sensitivity to Ca2+, we recorded E
Tfrom inside-out membrane patches excised from den-
dritic knobs of Nkcc1+/+ and Nkcc1−/− animals (Reisert a
ret al., 2003). To compare the magnitudes of the Cl− and
CNG currents (both being present in a patch) in ORNs i
ifrom both mouse lines, we exposed patches cytosoli-
cally to concentrations of Ca2+ (67 M) and cAMP (100 r
CM) that would maximally activate the Cl− and CNG
currents (Figures 4A and 4B). As observed previously in u
trat, the Cl− current ran down over time, but not the CNG
current (Reisert et al., 2003). The average Cl− current (
wfrom a patch recorded immediately after excision was
similar for both Nkcc1+/+ and Nkcc1−/− ORNs (102 ± 15 b
ZpA and 97 ± 25 pA, respectively), indicating similar den-
sities of Cl− channels. Interestingly, on average, patches m
(from Nkcc1−/− ORNs showed a larger CNG current than
those from Nkcc1+/+ ORNs (134 ± 33 pA [n = 7] versus t
n64 ± 19 pA [n = 8], respectively), reflecting a higher CNG
channel density on patches of Nkcc1−/− ORNs (Figure t
c4C). The reason for this difference is unclear.
To investigate whether the Ca2+ sensitivity of the Cl− s
achannels in Nkcc1−/− cells had changed, we obtained
dose-response relationships for the activation of the r
channel on excised patches (performed after the
above-mentioned rundown had reached steady state). O
RAs found previously for the rat Cl− channel (Reisert et
al., 2003), a moderate, reversible channel inactivation p
nwas observed during the 10 s Ca2+ exposure (Figures
4D and 4E). The dependence of the peak Cl− current on r
cCa2+ concentration was similar for patches from
Nkcc1+/+ ORNs (K1/2 = 3.5 ± 0.2 M) and Nkcc1−/− t
5ORNs (K1/2 = 2.5 ± 0.2 M) (Figure 4F). The current-
voltage relationships were also similar, being inwardly fectifying in both cases (data not shown). Taken to-
ether, these results indicate that loss of NKCC1 does
ot affect the density or the biophysical properties of
he Cl− channel. Thus, we can discount the notion that
defect in the Cl− channel, or a defect in its expression,
nderlies the reduced Cl− component of the receptor
urrent in Nkcc1−/− cells.
xperiments in 0-Ca2+ Ringer
he experiments described so far relied on niflumic
cid to reveal the CNG current component in the overall
esponse, but under physiological ionic conditions, i.e.,
n the presence of external Ca2+, the CNG component
s small. Another way to remove the Cl− current is to
emove extracellular Ca2+, in which case the lack of
a2+ influx through CNG channels during odorant stim-
lation should lead to no Cl− current. In 0-Ca2+ Ringer,
he receptor current tripled in size compared to control
Figure 5A, compare red to black and cyan traces),
hich was attributed to the removal of an extracellular
lock of the CNG channel by Ca2+ (Dzeja et al., 1999;
ufall and Firestein, 1993) and to the removal of Ca2+-
ediated feedback inhibition on the CNG channel
Bradley et al., 2004; Chen and Yau, 1994). As expected,
he current in 0-Ca2+ Ringer was hardly affected by
iflumic acid (Figure 5A, green trace), indicating that
he receptor current was composed exclusively of CNG
urrent. The abrupt drop in current at the end of the 1
stimulation reflected the resumption of Ca2+ block
nd Ca2+ feedback inhibition of the CNG channel upon
eturn to normal Ringer.
With bumetanide present (Figure 5B), or with Nkcc1−/−
RNs (Figure 5C), very small currents were observed in
inger (black and cyan), but removal of external Ca2+
roduced much larger CNG currents (red traces), and
iflumic acid (green) had little or no effect. Collected
esults indicated that, in 0-Ca2+ Ringer, the receptor
urrent of Nkcc1+/+ ORNs treated with bumetanide or
hat of untreated Nkcc1−/− ORNs, was on average only
5% of wild-type (Figure 5D, left). This reduction, also
ound in normal Ringer with niflumic acid (Figure 3D,
Nkcc1 in Olfactory Receptor Neurons
557Figure 5. ORNs Devoid of NKCC1 Function
Still Can Generate Large CNG Currents
Comparison of odorant-induced responses
to 100 M heptanal in normal Ringer and in
0-Ca2+ Ringer.
(A) Nkcc1+/+, (B) Nkcc1+/+ in the steady pres-
ence of 50 M bumetanide, and (C) Nkcc1−/−
neurons. Black and cyan traces are re-
sponses in normal Ringer before and after
odorant stimulation in 0-Ca2+ Ringer in the
absence (red) and presence of 300 M
niflumic acid (green). (D) Mean suction cur-
rent responses. (E) Fractional current carried
by the CNG channel. The heptanal response
in 0-Ca2+ Ringer + niflumic acid was normal-
ized to the response in 0-Ca2+ Ringer alone.
(F) Ratio of the response in Ringer to the re-
sponse in 0-Ca2+ Ringer. A much smaller
current is generated in Ringer when NKCC1
is nonfunctional. Numbers in parentheses in-
dicate number of recorded neurons. In 0-Ca2+
Ringer, most ORNs developed a slow inward
current that only reached a few pA by the
time that the odorant response in 0-Ca2+
Ringer reached its peak. This current was
subtracted from the peak current determina-
tion. Error bars indicate SEM.right set of bars), may reflect some changes in intracili-
ary Na+ and K+ concentrations secondary to the shut-
down of Na+-K+-2Cl− cotransport. The average 20% re-
duction in receptor current in 0-Ca2+ Ringer due to
niflumic acid (Figure 5E) possibly originated from
niflumic acid acting as a competitive inhibitor of the
heptanal odorant receptor (see Experimental Pro-
cedures). On average, the response of Nkcc1−/− cells or
bumetanide-treated Nkcc1+/+ cells increased 10-fold in
0-Ca2+ Ringer versus only 3-fold for untreated Nkcc1+/+
cells (Figure 5F). This difference results from the small
receptor current of bumetanide-treated Nkcc1+/+ ORNs
and of Nkcc1−/− ORNs in Ringer being purely a CNG
current. Taken together, these data indicate that the ol-
factory transduction cascade upstream of the Cl− chan-
nel, in Nkcc1+/+ ORNs treated with bumetanide or in
Nkcc1−/− ORNs, functions normally.
Experiments in Low-Cl− Ringer
If the lack of Cl− current in Nkcc1−/− ORNs is due simply
to a low internal Cl− concentration, a shift in the Cl−
equilibrium potential to more positive values, such as
by an acute reduction of external Cl− concentration,
should restore an inward Cl− current. To test this idea,
low-Cl− Ringer was applied to the cilia during the 1 s
odorant application. This protocol in itself should not
affect NKCC1 function (and therefore intracellular Cl−),
because NKCC1 is situated on the dendrite and soma
(Figure 2), which, under our recording conditions, re-
sided largely inside the suction pipette and were con-
stantly exposed to 140 mM Cl−. As expected, an in-
creased receptor current due to low-Cl− Ringer was
observed even in wild-type ORNs (Figures 6A and 6C).
With Nkcc1−/− ORNs, the small response in Ringer in-
creased substantially in low-Cl− solution (Figures 6B
and 6C). Practically all additional current induced by
low-Cl− Ringer was blocked by niflumic acid (green
trace), confirming it as a Cl− current. These results indi-cate that the Cl− channel on Nkcc1−/− ORNs did open
during the odorant-induced response, but no Cl− cur-
rent was generated simply because of a low intracel-
lular Cl− concentration. Only when an excitatory Cl−
gradient was established could a Cl− efflux exist. Com-
pared to the response in normal Ringer, the response
in low-Cl− solution increased an average of 1.6-fold
(SEM ± 0.2) in wild-type neurons and 5-fold (5.2 ± 0.9)
in Nkcc1−/− neurons (Figures 6C and 6D).
Discussion
When a Ca2+-activated Cl− channel on olfactory cilia
was first reported (Kleene and Gesteland, 1991), it was
not clear whether the Cl− current flowing through this
channel was inhibitory or excitatory. Later, this current
was shown to be inward and therefore excitatory (Kura-
hashi and Yau, 1993; Lowe and Gold, 1993; Reisert and
Matthews, 1998; Zhainazarov and Ache, 1995). An in-
ward Cl− current requires that the intraciliary Cl− con-
centration be high. We have now found that this Cl−
accumulation is achieved by the Na+-K+-2Cl− cotrans-
porter NKCC1. Interestingly, our immunocytochemical
data suggest that NKCC1 is situated on the ORN den-
drite and soma rather than the cilia, where olfactory
transduction occurs. While this location may seem sur-
prising initially, it is actually in line with what is known
about secretory epithelial cells, where Cl− uptake via a
cotransporter occurs at the basolateral membrane, and
Cl− secretion via one or more Cl channel types occurs
at the ciliated apical membrane (for review, see Haas
and Forbush, 2000; Russell, 2000). This direction of Cl−
flux, with accompanying fluid secretion, takes advan-
tage of a high interstitial Cl− concentration on the baso-
lateral side and a lower Cl− concentration on the mu-
cosal side. A low Cl− concentration has also been
demonstrated in the nasal mucus (Chiu et al., 1988;
Reuter et al., 1998). With respect to olfactory transduc-
Neuron
558Figure 6. Cl− Current in Low-Cl− Ringer
An odorant-induced response (black and
cyan traces, 100 M heptanal) could be in-
creased by lowering the external Cl− con-
centration (red); this increase was reduced
by niflumic acid (green). (A) Nkcc1+/+ and (B)
Nkcc1−/− ORNs. (C) Mean suction current re-
sponses. (D) Response in low-Cl− solution
compared to response in Ringer. Error bars
indicate SEM.tion, the advantage of a dendrosomatic location of s
NKCC1 is that the cell body provides a much larger n
reservoir for Cl− homeostasis than do the cilia (Linde- w
mann, 2001). This location also ensures that the uptake c
of Cl− into the ORN does not depend on mucosal Na+ C
and K+ concentrations, which may fluctuate, especially r
for aquatic or amphibian species, because the nasal O
cavity is open to the external environment. The striking c
similarity in Cl− movement between ORNs and secre- c
tory epithelial cells reflects a kinship between these two c
types of cells. In the case of ORNs, however, the Cl− N
flux has taken on a function entirely different from fluid i
secretion—namely, sensory signaling. Our study also s
demonstrates that a protein crucial for olfactory trans- a
duction need not be situated on the cilia. t
Our electrophysiological experiments with respect to r
NKCC1 employed two complementary approaches: re- c
cording from ORNs of Nkcc1−/− mice and blocking
s
NKCC1 function in wild-type ORNs pharmacologically
m
with the loop diuretic bumetanide. The important differ-
tence between these two approaches is that, while
Nkcc1−/− ORNs could have altered properties with un-
cknown functional consequences as a result of this
ctransporter’s absence during development, these changes
mwould not occur in wild-type ORNs treated acutely with
nbumetanide. Conversely, bumetanide could have phar-
fmacological side effects (possibly occurring slowly
bover the 30 min bumetanide incubation time), but these
nwould not be of concern when recording from Nkcc1−/−
sORNs. In both cases, the odorant-induced receptor
ccurrent decreased dramatically and lost most, or all, of
tits Cl− component. Moreover, we found that this loss
(of the Cl− component was due neither to a loss of Cl−
achannels in Nkcc1−/− animals nor to nonspecific effects
mof bumetanide on the olfactory transduction cascade.
fIn both experimental approaches, a large CNG current
was observed in 0-Ca2+ Ringer, demonstrating that the mignal transduction cascade upstream of the Cl− chan-
el was still functional. The lack of Cl− current in ORNs
ith defunct NKCC1 suggests that the intracellular Cl−
oncentration is simply too low to support an excitatory
l− current. This speculation was confirmed when we
ecorded odorant-induced currents from Nkcc1−/−
RNs in an external solution with acutely reduced Cl−
oncentration and found a large niflumic acid-sensitive
omponent. Thus, despite the 45% reduction of CNG
urrent in bumetanide-treated wild-type ORNs or
kcc1−/− ORNs (presumably due to secondary changes
n intraciliary concentrations of Na+ and K+; see Re-
ults), ciliary Ca2+ can still reach levels high enough to
ctivate the Cl− channel. So, what is the Cl− concentra-
ion in Nkcc1−/− ORNs? The observation that the small
esponse in individual Nkcc1−/− ORNs increased or de-
reased when niflumic acid was applied (Figure 3E)
uggests that the internal Cl− concentration distributes
ore or less passively so that the Cl− equilibrium po-
ential is near the resting membrane potential.
Mice with a component of the olfactory transduction
ascade ablated, such as CNGA2−/−, AC-III (adenylyl
yclase type III)−/−; and Golf−/−, all show severe impair-
ent in their olfactory sense (Belluscio et al., 1998; Bru-
et et al., 1996; Wong et al., 2000). Survival of neonates
rom these mouse lines is also compromised, presuma-
ly because of the olfactory deficit interfering with
ursing and food intake. The Nkcc−/− animals have the
ame problems (Delpire et al., 1999), and, owing to the
otransporter’s ubiquitous expression in tissues, addi-
ional dysfunctions including deafness, imbalance
Delpire et al., 1999), altered pain perception (Laird et
l., 2004), reduced salivation (Evans et al., 2000), and
ale sterility (Pace et al., 2000). To assess olfactory
unction behaviorally in such a severely affected animal
ay prove challenging. One solution would be to ablate
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knockout strategy.
Experimental Procedures
Animal Breeding
Nkcc1+/− animals, which express the reporter gene lac-Z at exon 9
of the Nkcc1 locus (Delpire et al., 1999), were crossed into a line
(UbI7) (Zhao and Reed, 2001) engineered to express a mouse olfac-
tory receptor for heptanal (Zhao et al., 1998). UbI7 specifically and
ubiquitously expresses I7 in all ORNs under the control of the olfac-
tory marker protein (OMP) promoter, as has been shown by in situ
hybridization and Northern blot analysis (Zhao and Reed, 2001).
PCR
RT-PCR was performed essentially as described (Bradley et al.,
1997). To confirm the authenticity of the Nkcc amplicons, a second
round of PCR was done with a nested pair of primers, using a 100-
fold dilution of the primary reaction as template. The final product
was then restriction mapped. For Nkcc1 (GenBank U13174), primer
pairs were 614F, 5# CCAACGTGAGCTTCCAGAAC; 1417R, 5# CAA
TCTGAGCCTTTGCTTCC; 712F, 5# GACACCCACACCAACACCTA;
and 1166R, 5# TACGCTCCTCCTCCTCTCAC. For Nkcc2 (GenBank
U61381), primer pairs were 1357F, 5# GCTGCTACTGGGATTCTTGC;
2322R, 5# GCAGAGGCCACTATTCTTCG; 971F, 5# GCTTGATCTTTGC
TTTTGCC; and 1079R, 5# GATTCAATGATGGTGGATCC. For Cngb1
(GenBank AF068572), primer pairs were 735F, 5# AGGAGCTCCA
TCCGTCGCCTG; and 1031R, 5# GTCCTCGCCATCAGCCTCCTG.
Immunofluorescence and X-Gal Staining
Three- to five-month-old homozygous and control mice were anes-
thetized with avertin (0.2 ml/g) and perfused with ice-cold PBS fol-
lowed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4).
Olfactory turbinates were dissected and cyroprotected in 30%
sucrose, then embedded in tissue freezing medium (Triangle Bio-
medical Sciences), and sectioned by cryostat. 18 m thick sections
were thaw-mounted onto glass slides (Superfrost/Plus, Fischer)
and air-dried overnight, then stored at −80°C before use. Antibody
staining was as described by Sung et al. (2000). Briefly, sections
were hydrated in PBS, treated with 1% SDS/8% 2-mercaptoethanol
for 5 min, and blocked in 5% normal goat serum (Sigma G-6767)/
1% BSA/0.4% Triton X-100 for 30 min, followed by incubation over-
night at 4°C in primary antibody in blocking solution. After two 30
min and one 15 min wash in 2% BSA/0.2% Triton X-100, sections
were incubated at room temperature for 60 min with fluorophore-
conjugated secondary antibodies in washing solution, then washed
and mounted with Vectashield with DAPI (Vector Laboratories).
Sections were analyzed with a Zeiss confocal microscope (LSM-
510). To facilitate a comparative analysis of homozygous knockout
and wild-type stained sections, data for a given antibody combina-
tion were collected with the same laser excitation and photomulti-
plier detection intensities. Primary antibodies were: rabbit anti-
NKCC1, diluted 1:200 (Kaplan et al., 1996); rabbit anti-NKCC1
(5030), diluted 1:25; mouse monoclonal anti-CNGA2, diluted 1:200
(Meyer et al., 2000); and rabbit anti-AC III, diluted 1:2000 (Santa
Cruz Biotechnology). Secondary antibodies—Cy3-conjugated goat
anti-mouse IgG and Alexa 488-conjugated goat anti-rabbit—were
both diluted 1:500 (Jackson).
X-gal staining of sections and whole mounts was as described
previously (Mombaerts et al., 1996). The 5030 Nkcc1 antibody was
generated against the C-terminal 21 amino acid residues (KADL
PPVLLVRGNHQSVLTFYS) of mouse NKCC1 (GenBank U13174).
The peptide was conjugated via its N-terminal lysine residue to
thyroglobulin and used for immunization of rabbits (Covance, Den-
ver, PA). Rabbit antisera were affinity-purified on a peptide-BSA
column. Specificity of the NKCC1 antibodies was confirmed by
comparison of signals from staining tissue sections of Nkcc1+/−
and Nkcc1−/− littermates.
Electrophysiology
Tissue Preparation
Following euthanasia of the animal by methods approved by Johns
Hopkins University Institutional Animal Care and Use Committee,olfactory turbinates were removed from the nasal cavity and stored
in Ringer solution at 4°C until use. For suction-pipette recordings,
a small piece of epithelium was placed in an Eppendorf tube con-
taining 200 l Ringer solution without enzymes and briefly vor-
texed. Cells were allowed to settle for 30 min in a recording cham-
ber mounted on an inverted microscope and were identified by
their typical morphology. For excised-patch experiments, the olfac-
tory epithelium was peeled off its supporting cartilage, incubated
in 0.2 mg/ml trypsin (Sigma-Aldrich) in divalent-free solution for 30
min at 37°C, and then transferred to a solution containing 0.4 mg/
ml DNase 1 (Roche Diagnostics), 140 mM NaCl, and 2 mM MgCl2.
After gentle trituration, 0.5 ml of cell suspension was transferred to
the recording chamber and allowed to settle.
Solutions and Solution Application
Mammalian Ringer solution contained: 140 mM NaCl, 5 mM KCl,
1 mM MgCl2, 2 mM CaCl2, 0.01 mM EDTA, 10 mM HEPES, and 10
mM glucose. For low-Cl− solution, 120 mM NaCl was replaced with
120 mM Na-methanesulfonate, producing a +50 mV shift in Cl−
equilibrium potential. The 0-Ca2+ Ringer contained 1 mM EGTA,
140 mM NaCl, 5 mM KCl, 3.2 mM MgCl2 (3 mM free Mg2+), and 10
mM HEPES. In all solutions, the pH was adjusted to 7.5 with NaOH.
Solutions containing heptanal were made daily from a 20 mM hep-
tanal/DMSO stock solution. Bumetanide was dissolved in DMSO at
a stock concentration of 100 mM and diluted with Ringer solution
to achieve a final bumetanide concentration of 50 M. In the bu-
metanide experiments, dissociated cells settled in the recording
chamber in bumetanide-containing Ringer for at least 30 min be-
fore recording began. All solutions, including the pipette solution,
contained bumetanide in these experiments, with the exception of
odorant solutions. Excised-patch experiments were performed in
140 mM symmetrical LiCl solution, which included 10 mM HEPES
and 10 mM HEDTA, with pH adjusted to 7.2 with NMDG. Ca2+-
containing solutions were made as described in Reisert et al.
(2003).
Solution exchange was achieved by transferring the tip of the
recording pipette across the interface of neighboring streams of
solution using the Perfusion Fast-Step SF-77B solution changer
(Warner Instrument Corp.). Solution exchange was complete within
15 ms. All experiments were performed at 37°C, and solutions were
heated with a solution heater (based on Matthews, 1990) just prior
to entering the solution changer.
Recording
The suction-pipette technique was used to record from isolated
mouse ORNs (Baylor et al., 1979; Lowe and Gold, 1991; Reisert and
Matthews, 2001a). The cell body of a single ORN was sucked into
the tip of the recording pipette, leaving the cilia exposed to the
bath solution. The odorant-induced suction-pipette current was re-
corded with an Axopatch-1D patch-clamp amplifier, Digidata
1322A interface, and pClamp software (Axon Instruments). Irre-
spective of bumetanide treatment or Nkcc1 expression, approxi-
mately 20% of ORNs responded to 100 M heptanal (17% for
Nkcc1+/+, 24% for Nkcc1 +/+ treated with bumetanide, and 19% for
Nkcc1−/−), indicating that no ORNs escaped from analysis due to
lack of Cl− current. All responders were used in the analysis. Solu-
tion changes from normal Ringer to low Cl− solution generated
large currents due to the junction potential between the two solu-
tions. To isolate the odorant-induced current elicited in low-Cl− so-
lution, a current trace corresponding to a repeat of the solution
change to low-Cl− solution but without odorant was subtracted.
Patch pipettes were made from borosilicate glass and fire-pol-
ished to yield an open pipette resistance of 6–8 M. Inside-out
patches were excised from the dendritic knob of ORNs, and re-
cordings were sampled at 500 Hz and low-pass filtered at 100 Hz.
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Note Added in Proof
A recently published paper (Kaneko et al., 2004) uses Cl− imaging
and pharmacological tools to suggest that Nkcc1 participates in
Cl− accumulation in olfactory sensory neurons. Those authors con-
cluded that Cl− uptake in ORNs occurs apically from the mucus and
not basolaterally, which is in contrast to our findings reported here.
